Acuity-luminance relations for a grating test object were determined with red, yellow, green, and blue narrow-band chromatic illuminants for five subjects.
acuity, conflicting results have been obtained owing to differences of test object, psychophysical method, and degree of spectral purity of the illuminants used. In addition, the chromatic aberration of the eye is a complicating factor which has been treated in different ways by different investigators.
Giorgi' in his study of the effect of wavelength on critical fusion frequency has pointed out that wavelength effects may be obscured by using broad-bandpass color filters. A similar observation on the effect of bandpass for acuity can be found in the data of Ferree and Rand, 2 who report lower acuity values for red and blue illuminants than for illuminants in the center of the visible spectrum. Desaturation of the red and blue stimuli improved acuity for these illuminants, but the absolute acuity levels reached with what the authors termed an equal-saturation spectrum remained lower for the red and blue.
Chromatic aberration of the eye has been treated differently by different investigators. Some, wishing to minimize dioptric factors, have employed corrections for chromatic aberration at all wavelengths tested;;35 others, wishing to know how the visual system behaves in a natural environment, have not employed a correction for chromatic aberration.
2 '6 In several experiments, a corrective lens has been used only for the blue end of the spectrum. 7 . 8 Under the latter conditions, the amount of accommodation required to focus the test object varies with the wavelength of illumination. Of the studies which used a correction for the chromatic aberration of the eye for all wavelengths and employed illuminants of high spectral purity, Schwarz, 4 using a Landolt C, found acuity under blue and red illumination inferior to that obtained in the center of the visible spectrum. Campbell, 8 with a vernier task, found lower acuity for blue than for other chromatic illuminants.
A further measure which we consider important in assessing the effect of wavelength on acuity is the determination of acuities over a wide range of luminances. With the exception of observations made at luminances sufficiently high so that small differences of luminance do not affect acuity, results obtained at a single luminance level are subject to the precision and applicability of the heterochromatic photometric procedure employed.
The purpose of the research reported here was to evaluate the effect of wavelength on grating acuity over a wide range of luminances. Two different pieces of apparatus were used. Acuity-luminance relations were obtained under four narrow-bandpass chromatic illuminants with correction for chromatic aberration.
METHOD

Series A: Imperial College
The first series of experiments was performed on two subjects at Imperial College, London, during 1959.1
The apparatus was the calorimeter of Wright, with an added attachment for measuring acuity. The colorimeter is described in Wright's book."
2 The addition to I M. C. Nadell and H. A. Knoll, Am. J. Optom. 33, 24 (1956) .
the colorimeter allowed for presentation of square-wave gratings to the subject. The gratings were owned by Columbia University and were those used by Shlaer.' By limiting the angle of rotation of the grating to 40° we were assured that no significant change of luminance occurred in the grating field as a function of the angle of the grating.' 4 Measurements were made at angles of 00, 300, and 40° from the perpendicular to the optical axis. Transmission in all cases varied insignificantly from constancy.
A lens system allowed for the projection of an illuminated, thin translucent ring about 30 in diameter, adjusted so as to be optically coplanar with the grating field. The grating field was a rectangle subtending 80 min by 40 min. The ring, in which the acuity field appeared, served as a fixation figure. The luminance of the ring could be adjusted to a comfortable, just clearly discernible level by means of a pair of sheet polarizers; the level varied with grating luminance, being higher for high luminances. An overcorrected achromatic lens was placed behind the 3-mm artificial pupil to correct for chromatic aberration of the eye." 5 Provision was also made in front of the artificial pupil for a lens to correct for refractive errors of the subject.
Four spectral stimuli were used, having dominant wavelengths of 460, 530, 580, and 650 nm.
The luminance was varied with neutral-tint filters, placed in a holder in the light path through the lightscreening wall. The holder was at a distance of 14 cm before the artificial pupil. Appropriate corrections were made for variations of the filter densities at the various wavelengths used. Corrections were also made for variations of density of the transparent areas of the various gratings. Calibration of luminances was done by flicker photometry, as described by Wright.' 2 Procedure: One female (SB) and one male (CHG) subject were run on apparatus A. Both subjects gave normal color responses on the Ishihara test. A +1.0 diopter lens was placed in front of the artificial pupil for CHG; no refractive correction was used for SB.
The subject was provided with a wax biteboard accurately adjustable in three dimensions. This equip- ment was especially necessary for proper placement of the eye at the artificial pupil in the dark. The natural pupil was always, even at the highest luminances, larger than the artificial pupil. This fact was shown by measurements of pupil size made by Clarke with the telescope system of his extrafoveal adaptometer.' 6 After partial dark adaptation for 5 min, the subject viewed a 10 central field at 4.8 log td with a 1.4 density filter before the field. When the filter was removed, the pupil contracted to a final level of 3.9 mm for CHG and 4.3 mm for SB (excluding hippus). These are larger than the calculated size of 3.45 mm for a maximum light spread at the natural pupil, taken to be 17.5 mm behind the artificial pupil and for the diagonal of the 40 min by 80 min rectangle in the stimulus field.
Usually, our determinations of acuity began at the high luminances. Partial dark adaptation, of course, followed each series of thresholds at a given luminance.
After a change of grating, the subject was exposed to a new luminance and allowed to adapt to it for 2 min. Thereafter, with a grating in place, the level of luminance was established more precisely (by varying the filter density in small steps); and once the luminance level was established, thresholds were determined by variations of acuity. This method, we believe, established conditions of adaptation that resulted in reliable data. Where another order of presentation was followed, an initial adaptation of 10 min in the dark was allowed. Adjustments of the grating were mainly in the direction of decreasing the size of the grating; bracketing was allowed near the final setting.
Usually, six settings were made at each level of retinal illuminance, sometimes two or three more. Occasionally, two threshold determinations were made at a given illuminance. The mean setting was taken as threshold.
Series B: Columbia University Data for three of the five subjects were obtained at Columbia University during 1965-6 with an optical apparatus which was a modification of the system designed by Shlaer."".1 7 This allows a grating to be presented over a continuous range of magnification of about 3:1, while the position of the image of the grating is maintained at a constant distance of about 1 m from the eye. The gratings used were the same as for Series A.
Modifications of the apparatus for this study included: A 1000-W projection lamp was used for the grating channel, in order to allow determinations at high luminance levels; a rectangular field stop, 40 min by 80 min was placed in the image plane of the grating; and four dim lamps were mounted on the field stop to provide a fixation target. The subject viewed the fixa-tion spots and the grating test object through a 3.25-mm artificial pupil. A lens holder, mounted at the eyepiece, allowed for insertion of ophthalmic lenses.
Schott interference filters were used to obtain the chromatic spectral illuminants. The dominant wavelengths of these filters were determined by matching the filters in brightness and hue to the output of a Bausch and Lomb grating monochromator with a 2-nm bandpass. The dominant wavelengths for the filters were 465 nm, 530 nm, 575 un, and 655 nm. The bandpasses of the filters, determined on the Beckman spectrophotometer, were found to be 10 nm for the 465-and 575-nm filters, and 14 nm for the 530-and 655-nm filters. Neutral-density filters were used to vary the luminance of the test object. These filters were calibrated in the equipment with a Welch electronic densitometer (Densichron 1) at the eyepiece and were found to give similar transmittances for each of the four interference filters. Nominal density values for each of the neutral density filters were obtained on a Martens Photometer with the 530-nm interference filter in the common path of the photometer.
The luminance of the test object was determined by the method of flicker photometry at a luminance level of 10 td. Light from a tungsten source was reflected from a latex-white metal disk, which was placed in a plane conjugate to the artificial pupil. This system provides for an alternation of light coming through the grating and light reflected from the flicker disk. Each interference filter was placed before the flicker disk, and neutral filters were added in 0.1 density steps until flicker disappeared. For these determinations, an unresolvable grating was placed in the system; the luminance calibrations are thus expressed in terms of average luminance of the target field rather than the luminance through a transparent bar. The luminance reflected by the flicker disk was calibrated by a method similar to that used by Graham and Landis." 8 A piece of opal glass was placed at the field stop and the luminance was calibrated directly with an SEI exposure photometer in place of the artificial pupil. The luminance difference produced by adding the opal glass was then calculated by finding the density difference for a constant critical flicker frequency (alternating dark and white light reflected from the flicker disk) with and without the opal glass in the system.
Corrections were made for the chromatic aberration of the eye by placing ophthalmic lenses in the lens holder at the eyepiece. The choice of lenses was based on the findings of a previous study in which the chromatic aberration of the eye was measured in the same apparatus using the same interference filters. In blue illumination, a -0.75 D lens was used; in green illumination, a -0.12 D lens was used; in yellow illumination, no lens was used; and in red illumination a +0.50 D lens was used.
Procedure: Two female (VS and MF) and one male (JM) graduate students in their middle twenties were used as subjects for Series B. Prior to the experiment, they were tested on the Hecht-Shlaer anomaloscope and the H-R-R color-test plates and gave results within the normal range. The two female subjects were myopic and slightly astigmatic (less than 0.50 D) and both wore corrective lenses during the experiment. Subject JM was emmetropic.
Each subject was fitted with a biteboard made from dental-impression wax. At the start of each session, the subject adjusted his head position until his eye was centered on the artificial pupil. The subject was dark-adapted for 10 min and then viewed the fixation lights. The intensity of the fixation lights was adjusted by the experimenter to a level at which the subject could maintain comfortable fixation.
An ascending method of adjustment was used in which the subject continuously increased the magnification of the grating until the lines were just resolvable." 3 Three to five threshold determinations were made at each luminance and wavelength. The median setting was taken as the acuity threshold. A vertical orientation of the grating was used for all determinations. A number of sessions of data collection were required for subjects MF and VS. In a given session, data were collected at several luminance levels for all wavelengths. For subject JM, all of the data presented were collected in a single 4-h session.
RESULTS
The data for the five subjects are presented in Figs. 1 to 5.19 Each figure shows the change of acuity with luminance for the four chromatic illuminants. For all subjects and for all wavelengths tested, acuity increases as luminance is increased, until an asymptotic acuity is reached at about 30 to 100 td, beyond which further increases of luminance do not further improve acuity. Below a luminance level of 0.1 td, the functions for subjects SB, JM, MF, and VS show a tendency to diverge, suggesting that the scotopic mechanism may mediate the response at these low luminances.
Four of the five subjects show evidence that acuity in blue illumination is inferior to that under other illuminants at intermediate levels of illumination (1 to 100 td). Further, at higher luminance levels, subjects MF and VS show lower asymptotic acuities under blue illumination and subject JM shows lower asymptotic acuities under both blue and red illumination. Apparatus limitations prevented the extension of the acuity-luminance relation for CHG to asymptotic levels in blue illumina- The dioptric factors are probably not responsible for the results reported in this experiment. Campbell showed that the achromatizing lens used in Series A eliminated chromatic differences in focus for his eye. Boettner and Wolter 2 2 have reported that there is increased scatter of light in the optic media for short wavelengths. However, the difference of scattered radiation for wavelengths 465 nm and 530 nm appears to be less than 5%. Such a reduction of contrast would not explain the difference of acuity observed between the blue and green stimuli. Klang 2 3 has noted that the wavelengths capable of exciting fluorescence increase with age; the longest fluorescence-exciting wavelengths were from 425 to 445 nm for persons over 30. Thus it is unlikely that fluorescence of the lens is a factor in this study.
Of probable physiological factors, Brindley 2 4 has suggested that blue receptors show greater convergence to higher neural elements. Stiles 25 and Brindley 2 4 have shown that when a blue test object is superimposed on a field of longer wavelength, a two-limbed acuity function is observed which may be attributed to the separate activities of Stiles's blue and green mechanisms. At low luminances the blue mechanism is active, reaching an asymptote at 7.5 min of arc. Further increases of acuity with luminance are attributed to the activity of the green mechanism. It should be emphasized that the asymptotic acuity shown by the blue mechanism is much lower than the asymptotic acuities obtained in this study with narrow-band illumination and no background. The slight but consistently lower acuities under blue, shown by four out of five of our subjects, may probably be attributed to complex neural interactions.
